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Conventional refrigerators impact on the environment contributing to ozone depletion and global warming. Common refrigeration 
methods make use of Chlorofluorocarbons (CFCs), Hydro chlorofluorocarbons (HCFCs) and Hydrofluorocarbons (HFCs) which 
all have negative effects on the environment. Legislation in some countries has been enforced to ban the use of some refrigerants 
due to their harmful effects. It was therefore prudent to develop alternative methods of refrigeration such as thermos-acoustic, 
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of industries such as the food, agriculture and health establishments. This research established the disadvantages of conventional 
refrigeration and the potential for alternative refrigeration methods for the storage of vaccines. A portable thermoelectric prototype 
refrigerator was developed from locally available and sustainable materials at an estimated cost of $129. Although its performance 
was below that of conventional refrigerators, it managed to accomplish the desirable range of temperature for storing and 
transportation of vaccines, positively impacting on the environment by avoiding the harmful effects of refrigerants. 
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1. Introduction 
Refrigeration is used for preservation in various industries such as food, agriculture, medical and veterinary 
laboratories. Conventional refrigeration methods commonly use chemicals in the form of refrigerants to achieve a 
cooling effect. The refrigerant goes through cycles such as the Carnot cycle which involve compression and expansion 
of the gas to cool a medium. The resultant system is thus complex to design and manufacture let alone specialists 
understanding the complexities, hence the continued research in such areas [1]. Besides the complexity of the systems, 
detrimental effects are experienced when there are leakages of the chemicals to the environment. The disposure of 
conventional refrigeration methods is also a concern to environmentalists as the chemicals result in ozone depletion 
and global warming [2]. The ozone is a layer in the earth’s stratosphere at an altitude of about 10 km, containing a 
high concentration of O3, which absorbs most of the ultraviolet radiation reaching the earth from the sun [2]. It contains 
relatively high concentrations of ozone (O3). The ozone layer absorbs the sun's high frequency ultraviolet light which 
is potentially detrimental to life on earth [2]. The thickness of the ozone layer is mostly in the lower stratosphere and 
is approximately 10 km to 50 km above the surface [2]. The thickness depends on the season and the geographic 
location.  
Global warming is the unusual rapid rise in the earth’s average surface temperature over a period of time. It is 
largely due to the greenhouse gases released from burning fossil fuels as well as leaking refrigerants. The earth’s 
average surface temperature rose from 0.6 to 0.9 degrees Celsius between 1906 and 2005 [3]. The rate of temperature 
rise increased twice in the last 50 years. Research showed that anthropogenic emissions of chlorofluorocarbons (CFCs) 
were the main cause for the rapidly rising temperatures [4]. The depletion of the ozone allowed more Ultra violet (UV) 
light from the sun to pass through the stratosphere at a rate that was sufficient to warm the lower troposphere [4]. Due 
to the disadvantages of refrigerants, legislation in many countries has banned the use of some refrigerants. Treaties 
such as Montreal of 1987 and Kyoto Protocol of 1992 were signed by many countries with a view to reduce the use of 
refrigerants and protect the environment [5]. It was therefore prudent to explore the use of alternative refrigeration 
methods such as the thermos-acoustic, magnetic or thermoelectric. The advantages of such methods are that they are 
safe to the environment, easier to monitor and control temperature and also easier to manufacture than those that make 
use of conventional refrigeration. This research focused on evaluating the feasibility of designing and manufacture of 
a portable and affordable refrigerator that maintained temperature within the range of 2oC – 8oC for long durations, 
for transporting in and storage of vaccines for use in remote areas with high temperatures using sustainable materials.  
2. Background and literature review 
Research continues to be carried out on alternative refrigeration methods and some work has been done before to 
reduce the use anthropogenic emissions into the environment [4]. Refrigerants are normally chemical liquids that are 
used in refrigeration for cooling [6]. There are four main groups of refrigerants and they are determined by their 
chemical constituents but are generally classified as Chlorofluorocarbons (CFCs), Hydro chlorofluorocarbons 
(HCFCs), Hydro fluorocarbons (HFCs) and Natural Refrigerants [7]. CFCs, HCFCs and HFCs are man-made and 
gases such as Hydrocarbons (HC) and CO2 are natural. Refrigerants are harmful to the environment because of their 
ozone depletion potential and their negative contributions to global warming potential [8]. Nearly all refrigerants are 
dangerous and should therefore be handled with care. Refrigerants are safe when they are housed in specially designed 
containers of the refrigerators but in case of leakages serious problems may arise. In some countries legislation has 
been enacted to control the handling of refrigerants due to their dangerous effects in which punitive measures and 
levies have been introduced to minimize the detrimental effects of the refrigerants on the environment [9]. Scientific 
research showed that chlorine from the refrigerants depletes the ozone layer and this is associated with the rise in skin-
related diseases. Fluorinated refrigerants destroy the ozone layer and influence climate change. The decomposition of 
unsaturated hydrofluorocarbons (u-HFCs) leads to formation of trifluoroacetic acid (TFA), which is a strong acid toxic 
to some organisms [9]. When u-HFCs burn it leads to the formation of hydrogen fluoride (HF), which is equally 
dangerous. Hence, extreme care is required in the manufacture of refrigerators that make use of refrigerants, 
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particularly in the selection of suitable materials to prevent leakages. Extreme care is also a necessity for users and 
technicians to avoid exposure to refrigerants that may lead to poisoning [10]. The disposal of the HCFCs, HFCs and 
u-HFCs requires reclaiming the refrigerants from refrigerators using sophisticated equipment for cleaning.  
Pure refrigerants are easier to recycle than blended ones. The process involves burning the refrigerants at very high 
temperatures and collecting decomposed products. Recycling plants for these purposes are expensive to set up and are 
rare in industrializing countries [10]. Atmospheric air contains pairs of oxygen atoms. However, 3 atoms can combine 
in the destruction of the ozone (O3) as shown in Fig. 1(a). Ozone is naturally found on earth and its concertation 
increases with height above the ground. It is mostly concentrated in the stratosphere which is 25-30 km from the earth 
surface. The ozone layer is vital for absorbing UV radiation from the sun. High intensities of UV on earth affects the 
life of plants and animals while it has the potential of damaging the human eyes, cause skin cancer and affects the 
immune system. Ozone depletion occurs when there is destruction to the stratosphere. Fig. 1(a) also shows that CFCs 
are the major causes for ozone depletion [11]. 
 
  
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Effects of CFCs on stratospheric ozone; (b) General rise in global temperature 
Global warming has also been partially caused by emissions and leakages from refrigerants which has resulted in 
the average rise in temperature of the earth’s climate system as shown in Fig. 1(b) [12]. An increase of 1oC in a century 
is considered as global warming. Global warming potential is considered as the general increase of the atmospheric 
temperature that results from a measure of gas in relation to the rise in temperature that would be caused by CO2 of 
the same amount [13]. Solar radiation from the sun passes through the atmosphere and heats the ground. When the 
surface is heated, it emits infrared light which cannot be reflected back into space. It is trapped and reflected back to 
the atmosphere by greenhouse gases [14]. The continual reflection of the infrared light leads to the rise in temperature 
of the earth. 
3. Development of alternative refrigeration methods 
Research has shown how conventional refrigeration methods pose a risk to the environment, hence the need for 
alternative methods using sustainable materials [15]. Such alternative methods include thermos-acoustic, thermo-
electric and magnetic methods of refrigeration of which comparisons of the various methods have been made, 
principally showing that these methods are less detrimental to the environment [16]. However, their major limitation 
is in the reduced Coefficient of Performance (CoP) hence their limited use [17]. There is therefore need for the 
improvement of the alternative refrigeration methods, particularly the materials used for manufacture in order to 
improve the efficiency of the systems. Thermo-acoustics involve the inter relationship between heat and sound where 
the cooling effect is brought about by applying high intensity sound waves [17]. Acoustic refrigeration make use of 
sound energy to produce a refrigeration effect. When energy travels through a gas there are pressure fluctuations that 
produce variations in temperature [18]. The acoustic waves through a driver resonate the gas. When the gas oscillates, 
a temperature difference is created along the length of a stack with one end cold and the other hot, resulting in a 
refrigeration effect on the colder side [18]. Magnetic refrigeration is based on the magneto-calorific effect where the 
change in temperature occurs in a magnetic material due to a changing magnetic field [19]. A solid state magnetic 
material is used as a working refrigerant for a magnetic refrigeration cycle. In the presence of a magnetic field, the 
(a) (b) 
294 Wilson R. Nyemba  et al. / Procedia Manufacturing 35 (2019) 291–297
4 Wilson R. Nyemba et al. / Procedia Manufacturing 00 (2019) 000–000 
material warms up and upon the removal of the magnetic field, the material cools down. By thermally linking the 
magnetic field with the cold source, hot source and heat sink, heat absorption and rejection is enabled. Magnetic 
refrigeration can be applied to produce very low temperatures.  
Thermo-electric refrigeration employs the Peltier effect, a temperature difference created by applying a voltage 
between two electrodes connected to a semiconductor material, useful for small to medium scale [20]. Having analysed 
the environmental impacts of refrigerants and other alternative methods that have been applied in recent years, this 
research sought to develop a portable and compact refrigerator using readily available and sustainable materials 
coupled with insulation to lower heat losses and a control mechanism to maintain the temperature. The developed unit 
should also be compatible with available power supply systems such as alternating or direct current as well as solar.   
4. Case study and results 
Alternative refrigeration methods can be applied in nearly all industries. However, this research focused on the 
application of thermos-electric refrigeration in vaccine storage. The case study was carried out at the University of 
Zimbabwe’s Veterinary Science Faculty and the Department of Pharmacy. Visits made to the two storage facilities 
coupled with the data that was collected, revealed some areas that can be improved in the way vaccines and reagents 
were stored. Conventional refrigerators were used for the storage of the chemicals that needed to be stored at specific 
temperatures. Temperatures were recorded periodically over the research duration of about 6 months. It was noted 
that cooler boxes with ice bags were used for transporting the chemicals and reagents from suppliers to the laboratories 
at the university. The storage, transportation and refrigeration of the chemicals and vaccines motivated this research 
where the key drivers were optimal conditions for the parameters. From manufacturing to administration, proper 
storage conditions should be met to preserve the vaccine potency and preserving it through effective storage 
equipment. The information gathered from the two departments also showed that vaccines can be damaged by 
freezing, excessive heat and light as confirmed by previously published literature [21]. Based on the information 
collected from the 2 departments as well as from literature, the normal range for vaccine storage temperature was 2oC 
– 8oC while there are some cases where vaccines are required to be stored at temperatures well below this range [21]. 
However these are laboratory based conditions and not when the same vaccines are to be transported to remote and 
rural areas with no access to power, let alone the refrigeration equipment.   
The research focused on developing a vaccine container, refrigerated within the normal range of 2oC – 8oC, mainly 
for use in transportation to remote areas. The proposed model was developed based on specifications and requirements 
such as portable, compact and light weight, hence the selection of aluminum components and also focusing on 
insulation to prevent any losses while maintaining the temperature and minimal use of electrical energy. The proposed 
geometry and surface design of the refrigerator comprised double walls with an insulation incorporated in between 
them. The top and bottom panels were (360 x 200 mm), vertical side panel (200 x 50 mm), the front and back panels 
(360 x 250 mm) and the overall dimensions of (360 x 250 x 200 mm). The walls were manufactured from 1 mm thick 
aluminum, the panels of which were welded together. Fig 2(a) shows a schematic of the exploded assembly of the 
thermoelectric refrigerator. To prevent heat loss through the top door panel and the sides of the refrigerator, rubber 
beadings were incorporated, coupled with wooden panels for protecting the housing as shown in the picture of the 
prototype in Fig. 2(b). A light surface finish was also incorporated to minimize heat loss as well as absorption through 
radiation. Aluminum paint was used as coating for the inside and outside of the container. A 25 mm expanded 
polystyrene sheet was used as an insulation material to minimize energy losses through conduction. The walls 
comprised of 3 layers where a styrofoam sheet was sandwiched between aluminum panels. The radiative heat transfer 
coefficient between the surface and the air was obtained using equation (1), where the shape factor F was assumed to 
be 1 for the worst case scenario, emissivity was 1, Stefan-Boltzman Constant, δ=5.67 x 10-8 W/m2K4, Ambient 
temperature, Ta = 50oC, Surface temperature, Ts1= 50oC. (Assuming its equivalent to ambient temperature):  
 
Hr.s1-a = έδ(Ta2+Ts12)(Ta+Ts1) =  7.29 W/m2K     (1) 
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Fig. 2(a) Schematic of exploded assembly of the refrigerator; (b) Picture of the prototype thermoelectric refrigerator manufactured 
The convective heat transfer coefficient for a plate in free convection air was 22 W/m2K. Conductive heat transfer 
coefficient through aluminum was 9.76 x 10-6 W/m2K. Conductive heat transfer coefficient through styrofoam was 
0.0758 W/m2K. The heat transfer coefficients were used to calculate the thermal resistances across the refrigerator 
wall. The heat transfer coefficient is the inverse of the thermal resistance, i.e. Heat transfer coefficient, U = 1/Thermal 
resistance, R. The total thermal resistance was found to be 0.144 m2K/W. Overall heat transfer coefficient, Utotal  = 
1/Rtotal = 1/0.144 = 6.94 W/m2K. The heat transferred through the walls was obtained using equation (2), where A was 
the total surface area, dT was the temperature difference. The value obtained excluded some miscellaneous heat gain 
that can occur from the surrounding and the products, hence the need for oversizing the components for a reasonable 
safety margin.    
   𝑄𝑄 = 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 88.3 W      (2) 
 
5. Discussion and recommendations 
The TEC 12710 Peltier modules were selected and the specification sheet was supplied by a local manufacturer. 
It had a capacity to remove 100 W of heat and operated on 12V direct current. A calculation on the capacity of a 
selected heat sink which measured 100 x 100 mm was done in a spreadsheet using Rod Elliot and resulted in a capacity 
of 2.14 oC/W. Fan model Av-F9025MS having slightly higher dimensions than those of the heat sink was used. Pairs 
of the components were recommended to increase the cooling capacity of the refrigerator. However, for the prototype 
one of each were used to manufacture the prototype. For the electronic control of the refrigerator, a digital thermostat 
was used for temperature control. It had a probe for sensing the temperature and connections were made to link it to 
the circuit. An LED screen was also incorporated to display the temperature and was helpful when setting the desired 
temperature range. The digital thermostat was programmable and a user can set the desired variance from the actual 
value set. For the thermodynamic analysis of the refrigerator, it was connected to the mains power supply for testing. 
The coefficient of performance (Up) is equivalent to the heat removed/power supplied obtained using equation (3), 
where U was the overall heat transfer coefficient = 6.94 W/m2K, A was the total surface area = 0.424 m2, dT was the 
temperature difference = (23 – 6) oC, V was the supply voltage = 12V, I was the electric current drawn by the Peltier 
module = 10 amps and t was time taken to achieve temperature difference = 5 hours.    
 
𝑈𝑈𝑝𝑝 =
UAdt
VIt
 = 0.083       (3) 
 
The CoP was subsequently computed with a known heat load from which the results showed that it was 
significantly lower for the model (equation 3) compared to conventional refrigeration. However, despite the low CoP, 
the modelled refrigerator was relatively cheap to manufacture ($129) using locally available and sustainable materials 
while still achieving the intended objectives of maintaining the temperature of vaccines between 2oC – 8oC. 
(a) (b) 
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6. Conclusions 
Research carried out over the years showed that the use of refrigerants in conventional refrigeration contributed to 
global warming and ozone depletion. This research was motivated by the need to provide sufficient and portable 
storage of vaccines as well as transportation of these to remote and rural areas with no access to power. Data gathered 
from the University of Zimbabwe’s Faculty of Veterinary Science and Department of Pharmacy were used to develop 
a portable and refrigerated container for storing and transporting vaccines. This was based on the thermos-electric 
principle that maintained the container within 2oC – 8oC, devoid of the harmful refrigerants. Although the performance 
of the prototype was slightly less than that of conventional refrigeration, the thermos-electric refrigerator was adequate 
for the specific range of temperatures requested. A minimum temperature of 6oC was achieved in 5 hours from an 
ambient temperature of 23oC. The refrigerator used less and smaller moving components than the conventional 
refrigerator while locally available and thus sustainable materials and expertise were used. The developed refrigerator 
was estimated to cost $129, an affordable amount compared to conventional refrigerators. The use of such types of 
refrigerated containers are useful for reducing the toxicity brought on by refrigerants and their harm to the 
environment. However, further research may need to be carried out in order to improve their coefficient of 
performance.     
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